Background. Cardiopulmonary exercise testing (CPET) measures peak exertional oxygen consumption ( _ VO 2 peak) and that at the anaerobic threshold ( _ VO 2 at AT, i.e. the point at which anaerobic metabolism contributes substantially to overall metabolism). Lower values are associated with excess postoperative morbidity and mortality. A reduced haemoglobin concentration ([Hb]) results from a reduction in total haemoglobin mass (tHb-mass) or an increase in plasma volume. Thus, tHb-mass might be a more useful measure of oxygen-carrying capacity and might correlate better with CPET-derived fitness measures in preoperative patients than does circulating [Hb]. Methods. Before major elective surgery, CPET was performed, and both tHb-mass (optimized carbon monoxide rebreathing method) and circulating [Hb] were determined. Results. In 42 patients (83% male), [Hb] was unrelated to _ VO 2 at AT and _ VO 2 peak (r¼0.02, P¼0.89 and r¼0.04, P¼0.80, respectively) and explained none of the variance in either measure. In contrast, tHb-mass was related to both (r¼0.661, P<0.0001 and r¼0.483, P¼0.001 for _ VO 2 at AT and _ VO 2 peak, respectively). The tHb-mass explained 44% of variance in _ VO 2 at AT (P<0.0001) and 23% in _ VO 2 peak (P¼0.001). Conclusions. In contrast to [Hb], tHb-mass is an important determinant of physical fitness before major elective surgery. Further studies should determine whether low tHb-mass is predictive of poor outcome and whether targeted increases in tHb-mass might thus improve outcome.
Key words: anaemia; anaerobic threshold; cardiopulmonary exercise test; oxygen consumption; physical fitness; surgery Cardiopulmonary exercise testing (CPET) is routinely used to quantify exertional oxygen consumption ( _ VO 2 ), both the peak attained ( _ VO 2 peak) and that at the anaerobic threshold ( _ VO 2 at AT, i.e. the point during incremental exercise when anaerobic metabolism makes a significant contribution to overall metabolism). Both measures are used as indices of physical fitness before major surgery, [1] [2] [3] given that reduced values are associated with increased postoperative morbidity and mortality. 4 5 Haemoglobin (Hb), carried in circulating red blood cells, is the blood's oxygen-carrying protein. Its circulating concentration ([Hb]) reflects both its total circulating mass (tHb-mass) and the volume of plasma in which the red blood cells are suspended. Anaemia, defined as [Hb] <130 g litre À1 in men and <120 g litre À1 in women, 6 is associated with decreased aerobic exercise capacity. [7] [8] [9] Preoperative anaemia is common (affecting one-third of surgical patients) and is associated with an increased risk of postoperative morbidity and mortality. 10 11 As the proportion of oxygen carried in plasma is minimal, the relationship of aerobic fitness with tHb-mass might be stronger than that with [Hb] . Indeed, in healthy individuals, [Hb] is not significantly correlated with either _ VO 2 peak or maximal _ VO 2 , 12 13 unlike tHb-mass. 14 15 However, whether this applies to patient populations, and to perioperative patients in particular, is less certain. We thus sought to explore the relationship of [Hb] and tHb-mass with CPET-derived measures of physical fitness in preoperative patients.
Methods
Ethical approval was granted by the London, Camden, and Kings Cross Research Ethics Committee (REC reference: 13/LO/ 1901). We fully adhered to Caldicott guidelines and followed the standards established by the Declaration of Helsinki. All participants provided written informed consent before taking part.
Patients
Adult (>18 yr old) elective (non-cardiac) surgical patients at University College Hospital [University College London Hospitals (UCLH) National Health Service (NHS) Foundation Trust] and Southampton General Hospital (University Hospital Southampton NHS Foundation Trust) were prospectively studied between February and August 2015. Patients were either receiving CPET as part of their routine preoperative assessment or were (approved) co-recruits to the 'METS' study of the relationship between CPET-derived physiological variables and surgical outcome. 16 Age, sex, height, weight, diagnosis, planned surgical procedure, co-morbidities (such as diagnosis of diabetes, respiratory, or cardiovascular disease), and current medications were documented.
Cardiopulmonary exercise testing
Cardiopulmonary exercise testing was supervised by a clinical exercise physiologist (and clinician where appropriate) and performed in accordance with international guidelines.
17
Patients cycled on an electromagnetically braked ergometer (at UCLH, Lode BV, Groningen, The Netherlands; and at Southampton, Ergoline 2000, Ergoline GmbH, Bitz, Baden-Wü rttemberg, Germany), with respiratory gas analysis made by calibrated metabolic carts [at UCLH, Cortex Biophysik, Leipzig, Saxony Germany; and at Southampton, Geratherm Respiratory GmbH (Love Medical Ltd, Manchester, Lancashire, UK)]. Breathby-breath _ VO 2 and carbon dioxide output were recorded, concurrently with minute ventilation, tidal volume, respiratory rate, and end-tidal gas tensions for O 2 and CO 2 .
Patients were connected to appropriate monitoring equipment and rested for an initial 3 min period, after which 3 min of unloaded cycling was completed. Subsequently, patients performed a symptom-limited incremental ramp test set to 10-20 W min À1 (based on patient height, weight, and age) such as to deliver an intended test duration of 8-12 min. 18 Test cessation occurred at patient exhaustion or when the cadence reduced below 40 r.p.m. for more than 30 s in spite of verbal encouragement. The CPET was terminated by testing staff on safety grounds if the patient developed a sign or symptom listed in the American Thoracic Society/American College of Chest Physicians (ATS/ACCP) CPET guidelines. 17 After stopping CPET, patients completed a 3-5 min period of unloaded cycling to 'cool down'. The anaerobic threshold (in millilitres per kilogram per minute) was determined by a clinical exercise physiologist, consultant physician, or both, skilled in CPET analysis, using the modified V-slope method with corroboration by ventilatory equivalents and end-tidal gas tensions for O 2 and CO 2 . 19 The highest average _ VO 2 throughout the final 30s of exercise was recorded as the _ VO 2 peak (in millilitres per kilogram per minute).
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Optimized carbon monoxide rebreathing method
The tHb-mass was determined using the optimized carbon monoxide (CO) rebreathing (oCOR) method described in detail by Schmidt and Prommer 21 and was calculated based on the equation in Fig. 1 . In brief, CO binds avidly to Hb. The carboxyhaemoglobin (COHb) concentration is measured in blood before and after 2 min of rebreathing a known CO volume. In this study, the CO volume was 0.5-0.9 ml kg À1 , depending on gender in the first instance, with fine-tuning by [Hb] , BMI, and the general condition of the patient. Each participant was seated for 15 min to allow stabilization of plasma volume, after which a mouthpiece containing $10 g 'soda lime' (calcium oxide-sodium hydroxide mixture as a carbon dioxide scrubber) connected
Editor's key points
• Reduced exertional oxygen consumption quantified by cardiopulmonary exercise testing is associated with increased postoperative morbididy and mortality, as is preoperative anaemia.
• In a study of 42 preoperative elective surgery patients, total haemoglobin mass correlated with exertional oxygen consumption, but circulating haemoglobin concentration did not.
• Preoperative total haemoglobin mass is a determinant of physical fitness and might be useful in predicting postoperative outcome.
them to a spirometer (Spico-CO Respirations-Applikator, Blood Tec, Bayreuth, Bavaria, Germany) and a 3 litre anaesthetic bag prefilled with 100% oxygen. The patient completely exhaled to residual volume and was then instructed to take a deep breath in through the spirometer as the CO dose was administered via a prefilled 100 ml syringe. To support the diffusion of CO into the blood, the patient held their breath for 10 s after the first inspiration; thereafter, normal breathing from the spirometer was performed for a further 110 s. The participant was disconnected after exhaling to residual volume, the exhaled volume being collected and analysed to quantify the CO not absorbed into the bloodstream. Finally, participants fully exhaled to residual volume into a CO gas analyser (Dr€ ager Pac 7000, Dr€ agerwerk AG & Co. KGaA, Lü beck, Schleswig-Holstein, Germany) before and at 4 min after CO rebreathing to determine the CO volume exhaled after disconnecting the patient from the spirometer.
Blood sampling
Fingertip capillary samples (200 ll) were collected before and 6 and 8 min after the start of CO rebreathing (sodium-heparinized 200 ll RAPIDLyte Multicap Capillary tubes, Siemens Healthcare Diagnostics Inc., Deerfield, IL, USA), with samples analysed within 15 min for the percentage carboxyhaemoglobin (%COHb) using a blood gas analyser (Hemoximeter; Cobas b 221 POC system, Roche Diagnostics Ltd, Rotkreuz, Zug, Switzerland). At Southampton, [Hb] was measured in venous blood. An i.v. cannula was inserted before tHb-mass testing at Southampton, allowing venous blood samples (200 ll) to be collected before and at 6 and 8 min after CO rebreathing via a sodium-heparinized blood gas syringe (RAPIDLyte, Siemens Healthcare Diagnostics Inc.). The percentage carboxyhaemoglobin was determined at Southampton using the RAPIDPoint 500 Blood Gas System (Siemens Healthcare Diagnostics Inc.). Blood sampling from venous, arterial, and capillary blood yields an identical D%COHb and therefore identical tHb-mass values. 22 All blood samples for the determination of [Hb], Hct, and %COHb were collected in the same conditions, from the anatomical same anatomical site, with patients in a seated position. Blood samples were analysed within 10-15 min of one another owing to %COHb being analysed after the oCOR test using a blood gas machine (which takes 15 min).
Calculations
The tHb-mass was calculated using a specifically designed spreadsheet (Microsoft Excel 2016 for Apple Macintosh, Redmond, WA, USA) based on the equation in Fig. 1 . Also shown in Fig. 1 haemoglobin concentration; Hct, haematocrit; BV, blood volume; EV, erythrocyte volume; PV, plasma volume; lung residual volume, 1500 ml in men, 1200 ml in women; alveolar ventilation, 5000 ml min À1 .
(ischaemic heart disease, heart failure, or previous stroke) were included as confounders in both correlation and regression analyses. 
Discussion
This is the only study we know to have explored the relationship between tHb-mass and physical fitness determined by CPET in patients awaiting major surgery. Although [Hb] was unrelated to exertional _ VO 2 at either AT or _ VO 2 peak (in millilitres per kilogram per minute), total haemoglobin mass (in grams per kilogram) was associated with _ VO 2 at AT and _ VO 2 peak, even after adjusting for measured confounding variables. Some 44% of the variance in _ VO 2 at AT was attributable to tHb-mass, which may be of particular importance in the perioperative setting, given the consistent link between _ VO 2 at AT and surgical outcome.
There are few published clinical data with which to compare our results. However, in 12 men with type 1 diabetes mellitus and 23 control subjects, Koponen and colleagues 25 found that
[Hb] was not associated with _ VO 2 peak, whereas body massnormalized tHb-mass was strongly related to _ VO 2 peak (r¼0.71, P<0.01, explaining 51% of the variance in _ VO 2 peak) in type 1 diabetes mellitus patients. That study did not, however, report the relationship between tHb-mass and AT. The strength of this correlation between tHb-mass and _ VO 2 peak (r¼0.71) was stronger than we identified (r¼0.48). This may in part be explained by differences in relatively small sample sizes, differences (albeit small) in measurement error inherent in both the oCOR test and CPET measurement, and (perhaps to a greater extent) by _ VO 2 peak being dependent upon patient/participant volition and motivation. If this is the case, the relationships between _ VO 2 peak and tHb-mass may be underestimated in the present study. In general, the finding that tHb-mass displays a stronger relationship with _ VO 2 peak than does [Hb] is consistent with previous reports in healthy volunteers and trained athletes (r¼0.79 in pooled data from 611 subjects; 15 r¼0.48, 0.79, and 0.92 in male runners and male and female rowers, respectively). 26 Mean AT measurements of 10 ml kg À1 min À1 and _ VO 2 peak measurements of 16 ml kg À1 min À1 are in keeping with preoperative data reported by others. 3 27 So, too, is the high prevalence of anaemia (26%). 10 11 Our mean tHb-mass of 8.2 g kg was lower than that reported by Koponen and colleagues 25 for type 1 diabetes mellitus of 10 g kg À1 and healthy control subjects (11.0 g kg À1 ). Furthermore, our values are substantially lower than those reported in endurance athletes: mean tHb-mass 1285 (123) g and 13.7 (0.5) g kg À1 in elite rowers, 28 tHb-mass 958 (123) g in trained cyclists, 24 and in excess of 14.5 g kg À1 in elite marathon runners. 12 Such high tHb-mass values appear to be reached legally only by years of intensive training or the influence of strong genetic factors 13 but may also be influenced by illicit use of erythropoietin, blood transfusion, or both, which was previously common practice in many endurance sports. Data from untrained subjects suggest that improvements in _ VO 2 peak after only 6 weeks of endurance training are largely attributable to increases in peak cardiac output and O 2 -carrying capacity (quantified by red cell volume and tHb-mass). 29 Given that prolonged endurance training is largely not feasible in patients awaiting major surgery, alternative interventions to increase tHb-mass before surgery (and thus aerobic fitness and related surgical outcome) are worthy of exploration. In addition, preoperative anaemia is associated with an increased risk of postoperative morbidity and mortality, 10 11 and it would thus perhaps be surprising if a similar relationship was lacking for tHb-mass. Furthermore, as we have shown a close relationship between tHb-mass and preoperative fitness, and given the link between exertional _ VO 2 and surgical outcome, it follows that a high tHb-mass might be advantageous to patient outcomes in the perioperative setting, although this remains to be confirmed.
À1
Once tHb-mass has been quantified, other blood volume compartments can be derived providing [Hb] and Hct (%) are measured. In the context of anaemia, these variables offer additional insight into the haematological and volume status of patients given that the measured [Hb] can be affected by changes in both tHb-mass and PV, independently of one another. Although tHb-mass and EV did not significantly differ between anaemic and non-anaemic patients, BV and PV were expanded in anaemic patients, suggesting that anaemia in this small sample might in part be related to PV expansion rather than a deficit in oxygen-carrying capacity as quantified by tHb-mass. Thus, dilutional anaemia might not have such negative effects on exercise capacity as 'true' anaemia, being characterized by a deficit in tHb-mass. This could to some extent explain the lack of association between [Hb] and exertional _ VO 2 . In future studies, the aetiology of anaemia should therefore also be evaluated. Indeed, in the present study median creatinine concentrations were numerically (but not statistically significantly) higher in anaemic patients, suggesting chronic kidney disease as a potential underlying cause of anaemia. However, it was not the aim of the present study to elucidate the underlying aetiology of anaemia, and larger studies (with greater power) would be needed to determine whether renal impairment contributed significantly to the prevalence of preoperative anaemia.
Strengths and weaknesses
Strengths of this study include the prospective use of CPET (considered the gold standard) to determine preoperative exercise capacity, and the use of the oCOR method as a reliable and precise measure of tHb-mass. 30 Indeed, the oCOR test is a simple, convenient and cheap method that does not involve the use of radioisotopes (as 51 Chromium labelling of red cells does). This greatly widens its applicability in the clinical setting. Finally, the lack of observed association between [Hb] and exertional _ VO 2 is a strength and is in keeping with a number of studies in healthy volunteers and endurance-trained athletes. 13 30 Potential weaknesses of the present study include the relatively small sample size, although this study was adequately powered to explore the relationship between tHb-mass and exertional _ VO 2 . In addition, to our knowledge, the present study cohort is the largest in which the relationship between preoperative tHb-mass and CPET-derived physical fitness has been explored and is a larger sample size than that in the study by Koponen and colleagues. 25 The In addition, use of different blood gas machines could have introduced error in the measurement of tHb-mass, and different metabolic carts across sites could have impacted upon measured _ VO 2 . However, at UCLH we have previously reported a typical error of repeat tHb-mass measurements of 1.9% (95% CI 1.3-3.4%), which is in keeping with the typical error commonly reported by other institutions using the oCOR method. 21 35 In addition, both metabolic carts were calibrated before every CPET.
Conclusion and further research
In a cohort of patients awaiting major elective surgery, tHbmass (unlike [Hb] ) was associated with preoperative cardiorespiratory fitness. Future studies may wish to address whether increasing tHb-mass before surgery leads to improved preoperative cardiorespiratory fitness, and thus outcome.
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